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Embryonic stemcell (ESC) pluripotency is dependent
on an intrinsic gene regulatory network centered on
Oct4. Propagation of the pluripotent state is stimu-
lated by the cytokine leukemia inhibitory factor (LIF)
acting through the transcriptional regulator Stat3.
Here, we show that this extrinsic stimulus converges
with the intrinsic circuitry in Kru¨ppel-factor activa-
tion. Oct4 primarily induces Klf2 while LIF/Stat3
selectively enhances Klf4 expression. Overexpres-
sion of either factor reduces LIF dependence, but
with quantitative and qualitative differences. Unlike
Klf4, Klf2 increases ESC clonogenicity, maintains
undifferentiated ESCs in the genetic absence of
Stat3, and confers resistance to BMP-induced differ-
entiation. ESCs expanded with Klf2 remain capable
of contributing to adult chimeras. Postimplantation-
embryo-derived EpiSCs lack both Klf2 and Klf4 and
expression of either can reinstate naive pluripotency.
These findings indicate that Oct4 and Stat3 intersect
in directing expression of Klf transcriptional regula-
tors with overlapping properties that additively rein-
force ground-state ESC pluripotency, identity, and
self-renewal.
INTRODUCTION
Mouse embryonic stem cells (ESCs) can undergo unlimited
symmetrical self-renewal divisions while retaining the capacity
for multilineage specification and differentiation (reviewed in
Smith, 2001b). The POU class 5 transcription factor Oct4
(Pou5f1) is essential for establishing and maintaining this pluripo-
tent state (Nichols et al., 1998; Niwa et al., 2000). Deletion of Oct4
from ESCs results in trophoblast differentiation, involving dere-
pression of the Oct4 target gene Cdx2 (Niwa et al., 2005). Oct4
may regulate thousands of genes (Boyer et al., 2005; Kim et al.,
2008; Loh et al., 2006; Matoba et al., 2006). However, only a hand-Ceful of putative targets are well characterized and validated. Inter-
estingly, the majority of those analyzed are not essential in ESCs.
This implies either that there is a high level of redundancy within
the Oct4 transcriptional network or that the critical functions of
Oct4 are mediated by a select subset of targets.
Interplay between extrinsic cues and intrinsic transcriptional
architecture determines the decision between ESC self-renewal
and commitment (Chen et al., 2008; Niwa, 2007; Smith, 2001a).
Lineage commitment can be held in check by the cytokine LIF
(Smith et al., 1988; Williams et al., 1988) acting through Stat3
(Matsuda et al., 1999; Niwa et al., 1998). ESCs may also be prop-
agated without activation of Stat3 by suppressing prodifferentia-
tive Erk signaling (Ying et al., 2008) or imposing constitutive
expression of the core factor Nanog (Chambers et al., 2003). In
both of these cases, however, addition of LIF increases self-
renewal efficiency.
Kru¨ppel-like transcription factors (Klfs) are zinc finger proteins
that share homology with the Drosophila Kru¨ppel segmentation
gene (Schuh et al., 1986). Klf4 and Klf5 are reported to be down-
stream of LIF signaling, and ESCs overexpressing these factors
show increased resistance to differentiation (Bourillot et al.,
2009; Li et al., 2005; Niwa et al., 2009). Klf4 is also one of the orig-
inal four factors shown to reprogram somatic cells to a pluripo-
tent state (Takahashi and Yamanaka, 2006). A third Klf, Klf2, is
present in ESCs. It has been proposed that the three Klfs have
redundant functions because an ESC phenotype was only
apparent upon knockdown of all three (Jiang et al., 2008).
However, targeted disruption of Klf5 reveals a unique require-
ment in the inner cell mass (ICM) of the early embryo and
increased differentiation in ESC cultures (Ema et al., 2008).
Here, we examine the relationship between Oct4, Stat3, and
Klfs in ESCs. We report that the intrinsic network and extrinsic
stimulation converge on Klfs to maintain and expand pluripotent
stem cells.
RESULTS
Analysis of Oct4-Dependent Gene Expression
To identify Oct4 target genes that may contribute to pluripo-
tency, we exploited ZHBTc4.1 ESCs (Niwa et al., 2000). Oct4ll Stem Cell 5, 597–609, December 4, 2009 ª2009 Elsevier Inc. 597
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Figure 1. Microarray Expression Analysis of the Oct4-Dependent Transcriptome and Target Enrichment by Meta-analysis
(A) Oct4 mRNA and protein downregulation in ZHBTc4.1 (z) mES cells treated with doxycycline (dox). CGR8 (c) ESCs are the parental control.
(B) Genespring visualization of expression arrays for ZHBTc4.1 ES cells (z) treated for 5, 10 or 30 hr with Dox, normalized to Z0, colored by Z30. The Oct4
transcript (Pou5f1) is highlighted.598 Cell Stem Cell 5, 597–609, December 4, 2009 ª2009 Elsevier Inc.
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Oct4 induction of Klf2 Supports ESC Self-RenewalmRNA and protein are rapidly downregulated in these cells upon
doxycycline treatment (Figure 1A). We interrogated the Oct4-
associated transcriptome by using Affymetrix arrays. ZHBTc4.1
cells were treated with doxycycline for 5, 10, or 30 hr in conven-
tional ESC culture media with serum plus LIF. Analysis of fold-
change differences relative to untreated ZHBTc4.1 cells (Z0)
showed a large number of transcriptional changes, headed by
Oct4 itself, with a 40-fold reduction at 30 hr (Figure 1B). qRT-
PCR validation confirmed that pluripotency marker genes,
including known direct Oct4 targets (Zfp42, Utf1, and Gdf3),
showed decreased expression across the ZHBTc4.1 time
course (Figure 1D). The repressed target Cdx2 (Niwa et al.,
2005) was among many upregulated genes. Although Nanog
has been described as an Oct4 target gene (Kuroda et al.,
2005; Rodda et al., 2005), Nanog mRNA did not change signifi-
cantly in the microarray analysis and was downregulated less
than 2-fold by qRT-PCR assay over the 30 hr time course. This
is consistent with the observation that Nanog expression is initi-
ated in Oct4 null embryos and therefore cannot be strictly Oct4
dependent (Chambers et al., 2003). Statistical analysis (eBayes)
(Smyth, 2004) of the microarray data indicated that over 5000
transcripts show differential expression compared with Z0
(Figure 1C). This is in line with previous studies reporting that
the gene network downstream of Oct4 is large and complex
(Matoba et al., 2006).
We undertook an integrated analysis to increase the proba-
bility of finding genes that function within the ESC program.
We reasoned that genes that are highly expressed in ESCs
compared with tissue restricted neural stem cells (NSCs) and
trophoblast stem cells (TSCs) are more likely both to be Oct4
targets and potentially to have a specific function in ESCs. This
analysis (Figure 1E) reduced the gene list to 42, including the
known Oct4 target genes, Leftb, Zfp42, Fgf4, Gdf3, Slc2a3,
and Oct4 itself (Figure S1 available online). Oct4-related expres-
sion in ZHBTc4 cells of a subset of the gene list was validated by
qRT-PCR (Figure 1F). We performed a meta-analysis of five pub-
lished data sets on Oct4 targets (Figure S1). Of our 42 candi-
dates, 33 have previously been proposed as Oct4 targets on
the basis of ChIP and expression studies. Nineteen were defined
as Oct4 targets in three or more studies, with Klf2, Nmyc1,
Tcea3, Phc1, and Oct4 itself being identified in all five ChIP
studies. Furthermore, expression of 27 of these genes has
been reported in the inner cell mass of the 3.5 dpc embryo
(Kurimoto et al., 2006), an independent association with pluripo-
tency (Figure S6).
Kru¨ppel-like Factors Are Linked to Oct4
and Differentially to LIF/Stat3
Two genes from the Kru¨ppel-like family of transcription factors,
Klf2 and Klf4, are present in our ESC-enriched gene list
(Figure S1). To test the robustness of this association, we carried
out an additional Oct4 repression experiment in ZHBTc4 cells,
this time in serum-free culture with LIF and BMP4 (Ying et al.,2003a). By qRT-PCR we again saw a decrease in Klf2 transcript
levels by 5 hr and for Klf4 at 10 hr after doxycycline addition
(Figure 2A). Klf5 is also downregulated after loss of Oct4. These
results show that the Kru¨ppel-like factors 2, 4, and 5 are closely
tied to Oct4 expression.
We noted that Klf4 and Klf5 have been proposed as down-
stream targets of LIF/Stat3 (Bourillot et al., 2009; Li et al.,
2005; Niwa et al., 2009). Although LIF is maintained throughout
the ZHBTc4 Oct4 repression analyses, it is formally possible
that Oct4 downregulation interferes with LIF signaling. To test
responsiveness of Klf genes to LIF, we took advantage of the
finding that dual inhibition (2i) of Fgf/Erk signaling and of Gsk3
suppresses differentiation and enables propagation of ESCs
without LIF (Ying et al., 2008). We examined induction of Klf2,
Klf4, and Klf5 upon addition of LIF in 2i culture. Cells were stim-
ulated with LIF for 1 or 4 hr. Klf4 and Klf5 showed acute transcript
induction. This was maintained in the presence of the protein
synthesis inhibitor cycloheximide, indicating that these are direct
LIF target genes (Figure 2B). Klf2 and a second Oct4 target
Nr0b1 (Figure 1F) showed no induction after LIF stimulation.
Similar responses to LIF stimulation were observed in serum
culture conditions (Figure S5A).
To determine whether induction of Klf4 and Klf5 is dependent
on Stat3, we took advantage ofStat3 null ESCs that can be prop-
agated in 2i (Ying et al., 2008). We first derived new Stat3 null
ESCs on the same strain 129 background as other ESCs in this
study. These cells respond to LIF by upregulating the Erk target
Egr1 but fail to express the Stat3 target Socs3 (Figure S5C). They
retain full expression of Klf2 in the complete absence of Stat3 but
show reduced expression of Klf4 and Klf5 (Figure 2C). In Stat3
null cells, LIF fails to induce either Klf4 or Klf5.
To test whether Stat3 is sufficient for Klf4 and Klf5 induction,
we exploited the GCSFR/gp130 chimeric receptor Y118F
(Burdon et al., 1999). This does not activate MAPK or PI3K
signaling because of substitution of alanine for tyrosine at the
SHP-2 docking site. ESCs stably transfected with the Y118F
receptor were deprived of LIF for 6 hr and then treated with
GCSF for 1 hr (Figure S5B). Egr1, a MAPK target of LIF signaling
(Kawai-Kowase et al., 1999), was not induced. In contrastSocs3,
a well-characterized Stat3 target (Starr et al., 1997), was
induced. Klf2 showed no significant response, whereas Klf4
transcripts showed comparable fold upregulation to Socs3.
Unexpectedly, Klf5 transcripts were not upregulated. These
results show that the regulation of Klf2, Klf4, and Klf5 is different;
Klf2 is not responsive to LIF, Klf4 is upregulated by Stat3, and
Klf5 is stimulated by LIF in a Stat3-dependent manner but
involving an additional factor.
Klf2 Is a Direct Oct4 Target
We then investigated further the role of Oct4 in direct regulation of
Klf2. The upstream region of theKlf2 gene was scanned for puta-
tive Oct4 binding sites (Figure 2D). We selected only octamer
sites within conserved blocks of homology between multiple(C) Table showing breakdown of ZHBTc4.1 microarray including eBayes statistical cutoff and fold thresholds relative to ZHBTc4.1 (no Dox).
(D) qRT-PCR analysis of pluripotency associated genes in ZHBTc4.1 (Z) and CGR8 (C) cells treated with Dox.
(E) The Oct4 meta-analysis, which restricts those transcripts that pass the statistical and fold threshold (1.5-fold) by selecting transcripts 2-fold higher in ESCs
versus trophoblast stem cells and neural stem cells.
(F) qRT-PCR validation of a selection of putative Oct4 regulated ‘‘ESC-enriched’’ genes. Error bars are the SD of two biological replicates.
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Figure 2. Transcriptional Regulation of Klfs
(A) Relative quantification by qRT-PCR of Klf2, Klf4, and Klf5 mRNA during the time course of Oct4 deletion from the ZHBTc4.1 ESCs in serum-free culture with
LIF and BMP4.
(B) E14tg2a ESCs expanded in 2i were stimulated with LIF for 1 hr or 4 hr in the presence or absence of cycloheximide (50 mg/ml). Fold inductions are relative to
unstimulated cultures in 2i or 2i plus cycloheximide as appropriate. Data are means of two biological replicates analyzed in duplicate with normalization to Gapdh.
(C) Stat3 null and heterozygote ESCs grown in 2i were stimulated with LIF for 1hr or 24hrs. Data are as in (B).
(D) Schematic representation of the Klf2 promoter region 15 kb upstream of the transcriptional start site (TSS). Coordinates show position on chromosome 8 (bp).
Boxes indicate putative Oct4 binding regions. Boxes colored black exhibit Oct4 binding as determined by chromatin immunoprecipitation with an Oct4 antibody
versus an isotype control.600 Cell Stem Cell 5, 597–609, December 4, 2009 ª2009 Elsevier Inc.
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Oct4 induction of Klf2 Supports ESC Self-Renewalspecies (Ovcharenko et al., 2004). This yielded three putative
sites, an Oct/Sox motif approximately 13 kb upstream of the tran-
scriptional start site (TSS) and two octamer motifs more proximal
to the TSS. We also considered a region identified by global Oct4
ChIP studies (Chen et al., 2008; Kim et al., 2008) that lacks
a consensus octamer. Chromatin immunoprecipitation (ChIP)
was performed with Oct4 (C-10) antibody. Nanog and Fgf4 con-
trol loci showed enrichment against isotype control, of 6-fold
and 3-fold, respectively (Figure 2E). The Oct/Sox site in the distal
part of the Klf2 promoter showed no enrichment, nor did the
Oct(2) site. However, the proximal Oct(1) and the degenerate
Oct(3) sites were significantly enriched (5-fold) above back-
ground, substantiating genome-wide analyses (Figure S1B).
Luciferase reporter assays confirmed the potential of both sites
to activate transcription in response to Oct4 in HeLa cells
(Figure 2F). Interestingly, however, only the octamer-containing
Oct(1) site was active in ESCs.
Klf2 is not expressed by EpiSCs, although they have compa-
rable levels of Oct4 to ESCs (Guo et al., 2009). We performed
the ChIP assay on EpiSCs to determine whether Oct4 continued
to occupy the Oct(1) and Oct(3) sites. Although enrichment at the
Nanog locus remained significant, binding was reduced to back-
ground levels at both Klf2 sites (Figure 2G). Lack of Klf2 expres-
sion in EpiSCs is therefore associated with reduced or abolished
binding of Oct4 to the Klf2 promoter.
Kru¨ppel-like Factors 2 and 4 Promote ESC Self-Renewal
We then examined whether the Kru¨ppel-like factors (2, 4, and 5)
have the capacity to support ESC self-renewal by overexpres-
sion. Transfectants were first generated in IOUD2 (Oct4bGeo)
reporter ESCs. Immediately after electroporation, cells were
plated with and without LIF under puromycin selection. After
9 days, plates were fixed and stained for bgeo activity then
scanned so that colonies could be classified as undifferentiated,
mixed, or differentiated (Figure 3A). In the absence of LIF, Klf5
transfectants showed a modest increase (from 6% to 23%)
over control transfectants in the proportion of colonies containing
Oct4-expressing cells, but total colony number was greatly
reduced compared with culture in LIF. Klf4 transfectants yielded
a higher proportion of stem cell-containing colonies (59%), but
no increase in total colonies. However, for Klf2 transfectants both
the frequency of Oct4-positive colonies (48%) and the overall
number of colonies were increased. Nonetheless, very few wholly
undifferentiated colonies were formed and the total number of
colonies was significantly lower than in the presence of LIF. These
data indicate a hierarchical relationship in the ability of Klfs to
support ESC clonogenicity and self-renewal, with Klf2 being
most potent, Klf4 having intermediate activity, and Klf5 having
relatively weak effects. It is striking that Klf2 has the most potent
effect given that it is regulated by Oct4 but not by LIF.The effect of Klf2 was reproduced in parental E14Tg2a and
derivative RC26 cells (Figure S3A). The fact that RC26 cells
harbor CreERT2 inserted into the Rosa26 locus allows removal
of the floxed transgene. A 1 hr pulse of 4-hydroxytamoxifen
was used for excising Klf2 and simultaneously activating GFP
expression. Cells were sorted into GFP-positive and -negative
fractions then plated at clonal density with or without LIF. In
the presence of LIF, there was no overt difference between the
two groups. Without LIF, GFP+ cells produced very few alkaline
phosphatase-positive colonies, whereas the GFP, Klf2-retain-
ing cells generated many positive colonies (Figure 3B). There-
fore, the phenotype is directly linked to Klf2 overexpression
and is not the result of genetic or epigenetic changes associated
with transfection or selection.
Klf2 Sustains Self-Renewal Independently of Stat3
ESC cultures express LIF endogenously (Rathjen et al., 1990)
and even at clonal density, this could contribute to self-renewal.
We therefore used Lifr/ ESCs (Dani et al., 1998) to test the LIF
independence of Klf2-driven self-renewal. These cells are nonre-
sponsive to LIF but can be sustained with Il-6 and soluble Il-6
receptors to engage gp130 and activate Stat3 (Yoshida et al.,
1994). After transfection with Klf2, undifferentiated colonies
formed in the absence of IL6 and sIL6r (Figure 3C) and could
be passaged and expanded in culture for 15 passages with
typical ESC morphology and growth behavior.
To determine whether Klfs could sustain self-renewal in the
complete absence of Stat3, we electroporated Stat3 null ESCs
with Klf expression vectors. Transfectants were plated in 2i or
in serum under puromycin selection (Figure 3D). Stat3 null cells
cannot be propagated in serum (Ying et al., 2008). Consistent
with this, empty-vector transfectants produced alkaline phos-
phatase-positive colonies in 2i but none in the presence of
serum. Colonies were produced in serum from transfections
with Klf2 and Klf4, but not Klf5. The Klf4 transfectants could
not be expanded after passage, however. In contrast, the Klf2-
transfected population was expanded in serum for multiple
passages with retention of ESC morphology (Figure 3E) and
Oct4 expression (Figure 3F).
Klf2 Cannot Replace Nanog, but Does Not Require
Nanog to Confer LIF Independence
Overexpression of Nanog can render ESCs independent of LIF
(Chambers et al., 2003). We examined the possibility that Klf2
function may be dependent on Nanog. Nanog null ESCs
(Chambers et al., 2007) were electroporated with Klf2 or Nanog
expression vectors. After 9 days of selection, transfectants
were pooled and replated in titrated doses of LIF (Figure 4A).
Nanog transfectants regained the ability to form completely
undifferentiated colonies in the presence of LIF and also formed(E) SYBR-green qChIP-PCR analysis in ESCs of previously reported Oct4 binding sites (Nanog, Fgf4, and Oct(3) [Chen et al., 2008]) and putative octamer regions
upstream of Klf2. A region upstream of b-actin served as a negative control. Data are means from four independent ChIP pulldown experiments. Enrichment
values were calculated by comparing IgG2b isotype control to Oct4 (C10) antibody.
(F) Luciferase assays of Oct(1) and Oct(3) sites in HeLa cells and ESCs. pGL3-promoter reporter constructs containing the Oct(1) and Oct(3) sites used for ChIP
were introduced into HeLa cells, alongside an Oct(1) mutagenized control (ATGCAAAT to ATGTTCAT). The fold induction when cotransfected with pCAGOct4
alone or pCAGOct4+pCAGSox2 were compared to MT vector control. The same constructs were transfected into E14tg2a cells for determining ESC activity.
Values are the mean and SD of three biological replicates.
(G) qChIP-PCR analysis in EpiSCs. Puromycin selection was applied to ensure an undifferentiated Oct4 positive EpiSC population.
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Figure 3. Klf2 Overexpression Supports LIF- and Stat3-Independent Self-Renewal
(A) Colony assay on IOUD2 (Oct4bgeo) cells stably transfected with Klf2, Klf4, Klf5, or control (MT) vectors. Individual bars indicate replicates. Similar results were
obtained in independent experiments. Colonies were scored by automated image analysis of Xgal staining.
(B) Colony assay on reverted and nonreverted Klf2 transfectants. A pool of R26C Klf2 transfectants was treated with 4OHT for 1 hr to induce Cre recombinase
then incubated overnight before flow sorting into GFP +ve (excised) and GFP –ve (nonexcised) populations. Sorted cells were plated at clonal density
with or without LIF and colonies were scored 9 days later on the basis of alkaline phosphatase staining and morphology. Data are means and SD of three
replicates.602 Cell Stem Cell 5, 597–609, December 4, 2009 ª2009 Elsevier Inc.
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Oct4 induction of Klf2 Supports ESC Self-Renewalstem cell-containing colonies in low or no LIF. Klf2 transfection
had a less-pronounced effect but importantly did generate a
significant number of mixed colonies in the absence of LIF.
Therefore, Klf2 does not require Nanog for its ability to support
LIF-independent ESC propagation, but it cannot rescue the
destabilization of pluripotency incurred by absence of Nanog
(Chambers et al., 2007). Similar results were obtained from trans-
fection of a second Nanog null ESC line containing a GFP knock
in at the Nanog locus. In the presence of serum, these Klf2 trans-
fectants could be expanded without LIF over multiple passages,
retaining expression of Nanog-GFP and Oct4 (Figure 4B). In
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LIF dosage assay: alkaline phosphatase activity, Nanog null ES (RCNβH-B(t)) Figure 4. Klf2 Can Confer LIF Independence
in the Absence of Nanog
(A) RCNbH-B(t) Nanog null ESCs were electropo-
rated with MT vector, Klf2, or Nanog plasmids,
selected in puromycin for 9 days, and pooled. Cells
were replated at clonal density in titrated amounts
of LIF. Colonies were stained for alkaline phospha-
tase after 9 days.
(B) A pool of 44cre6 Nanog null ESCs stably trans-
fected with Klf2 was grown in serum without LIF
for five passages. Immunostaining confirmed the
absence of Nanog protein and presence of Oct4.
(C) Klf2 transfected 44cre6 cells were transferred
to serum-free culture, supplemented with LIF plus
BMP4 or BMP4 alone. Nanog-GFP was examined
by fluorescence microscopy 7 days after plating.
unsupplemented serum-free conditions,
however, Nanog-GFP was downregu-
lated in the majority of cells and undiffer-
entiated cultures could not be sustained.
Klf2 Confers Resistance
to BMP-Induced Differentiation
BMP can replace serum to sustain ESC
self-renewal in collaboration with LIF
(Ying et al., 2003a). BMP or serum is
necessary because in LIF alone, ESCs
will progressively differentiate into neural
precursors (Ying et al., 2003a). Without
LIF, however, BMP acts as a differentia-
tion promoter, producing nonneural
epithelial-like cells (Kunath et al., 2007;
Ying et al., 2003b). We observed that
addition of bone morphogenetic protein-
4 (BMP4) increased Nanog-GFP expres-
sion and enabled short-term serum-free
propagation of Nanog null Klf2 transfec-
tants without LIF (Figure 4C). We therefore
repeated the transfection of IOUD2 cells
with Klfs and assayed colony formation
in serum-free N2B27 medium with or without BMP4 (Figure 5A).
All transfections yielded a similar number of colonies in LIF plus
BMP4. In N2B27 alone or with BMP4, the MT vector and Klf5
plates contained only differentiated colonies. Klf4 transfectants
with or without BMP4 yielded one or two colonies per plate
with low Oct4-bgeo expression. A few more colonies and higher
Oct4-bgeo expression were apparent on the Klf2 plates in
N2B27. This effect was dramatically increased in BMP4. Colo-
nies were trypsinized and replated. Without LIF, only Klf2
transfectants in presence of BMP4 could be expanded. Over
multiple passages, they exhibited a tightly packed, classical(C) Analysis of primary transfection plates of Hyg34 (Lifr/) ESCs transfected with MT vector or Klf2 expression vector. Cells were plated +/ (Il6 and sIl6r) and
colonies were scored on the basis of morphology and AP staining 9 days later.
(D) Quantification of Stat3/ ESCs transfected with MT vector or Klf2, Klf4, or Klf5 pPyCAG expression vectors. Cells were transfected and pooled in 2i condition
and replated at clonal density in 2i, serum – LIF, or serum + LIF. Colonies were scored for alkaline phosphatase. Data are means of two biological replicates.
(E) Stat3/ cells expressing Klf2irespuro after culture in serum without LIF conditions for five passages.
(F) Oct4 immunostaining of Klf4-transfected Stat3/ ESCs expanded in serum without LIF.Cell Stem Cell 5, 597–609, December 4, 2009 ª2009 Elsevier Inc. 603
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Oct4 induction of Klf2 Supports ESC Self-RenewalESC morphology (Figure 5B). They became more flattened on
addition of LIF but remained undifferentiated. At moderate to
high density, undifferentiated cultures could also be maintained
in N2B27 alone, presumably reflecting autocrine expression of
LIF and/or BMP. The Smad target Id genes that contribute to
ESC self-renewal (Ying et al., 2003a) are induced by culture in
BMP4 (Figure S3B). Significantly, Klf4 and Klf5 levels are low
(Figure S3B), indicating that Klf2 does not cross-regulate other
Klfs. After Cre-mediated excision, reverted GFP+ cells differen-
tiated in BMP4, confirming that the Klf2 cDNA is directly respon-
sible for resisting BMP4-induced differentiation (Figure 5C).
These results indicate that overexpression of Klf2 but not other
Klfs can simulate the ability of LIF to constrain BMP signaling
to a self-renewal stimulus (Ying et al., 2003a).
Klf2 Sustains ESC Identity and Pluripotency
To test the capacity of Klf2 to maintain ESC identity and potency,
parental E14tg2a ES cells were transfected with the Klf2 revert-
ible vector. Cells were plated into serum-free conditions with
BMP4 only, and after 9 days selection, colonies were pooled.
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Figure 5. Klf2 Maintains ESC Self-Renewal
and Pluripotency in the Presence of BMP4
(A) IOUD2 ESCs were electroporated with MT
vector or Klf2, Klf4, or Klf5 vectors. Transfectants
were plated in N2B27 alone or either N2B27 +
BMP4 or N2B27 + LIF plus BMP4. Puromycin
selection was applied after 24 hr. Colonies were
fixed at 9 days and stained with Xgal for automated
image analysis. Error bars are the SD of three
biological replicates.
(B) Colonies from Klf2 transfection in BMP4 were
either pooled (IDK2-Pl) or expanded clonally
(IDK2-Cl.2) in BMP4 alone for multiple passages.
Colonies adopt more flattened but still undifferen-
tiated morphology on addition of LIF.
(C) IDK2 cells were transfected with Cre and GFP-
positive cells expanded in LIF plus BMP4. Upon
return to culture in BMP4 alone, they underwent
differentiation.
(D) E14Tg2a ESCs transfected with Klf2 were
selected in puromycin and maintained serum-
free with BMP4 in the absence of LIF for nine
passages. The pool of cells was transfected with
Cre and resultant GFP+ cells were deposited as
single cells in LIF plus BMP. Five of eight clones
gave rise to adult coat color chimeras.
The pool was expanded in the absence of
LIF and presence of BMP4 for nine
passages (5 weeks). They were then tran-
siently transfected with a Cre expression
plasmid. GFP-positive cells were sorted
by flow cytometry and deposited as
single cells in a 96-well plate. Clones
were expanded in LIF and serum then in-
jected into blastocysts. Five of eight
clones tested gave overt coat-color
contributions to healthy adult chimeras
(Figure 5D). This demonstrates that Klf2
overexpression in serum-free culture containing BMP4 can
maintain the self-renewal program in the absence of LIF
including the capacity to colonize the developing embryo and
contribute to adult chimeras, the defining functional property of
ground-state ESCs.
Klf2 Can Overcome the Developmental Restriction
of Mouse EpiSCs and Restore Naive Pluripotency
Klf4 can reprogram postimplantation-embryo-derived EpiSCs to
ground-state pluripotency and restore capacity to colonise the
embryo (Guo et al., 2009; Hanna et al., 2009). We tested whether
this ability is shared with Klf2 or Klf5. EpiSCs were transfected
with a piggyBac construct containing Klf2, Klf4, or Klf5 and an
independent DsRed expression cassette (Guo et al., 2009).
Stable integrants were selected in hygromycin. In EpiSC culture
conditions, we observed no major changes in marker profile
except for elevated expression of the transfected factor
(Figure 6A). ESC-specific marker genes Zfp42 (rex-1), Nr0b1,
or Stella were not induced. Furthermore, all the EpiSC trans-
fectants retained the lineage specification factors Fgf5 and604 Cell Stem Cell 5, 597–609, December 4, 2009 ª2009 Elsevier Inc.
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Figure 6. Klf2 Enables Reprogramming of EpiSCs to Naive Pluripotency
(A) qRT-PCR analysis (TaqMan) of EpiSCs transfected with vector, Klf2, Klf4, or Klf5. Cells were selected in 0.5 mg/ml hygromycin and 1 mg/ml puromycin in EpiSC
conditions with Fgf2 and activin. Data were normalized relative to expression in ESCs.
(B) Morphology and fluorescence of typical Klf2 induced Epi-iPS cell colony. GFP reports Oct4 expression, DsRed the PiggyBac transgene.
(C) Gene expression analysis of two Klf2 Epi-iPS cell clones (K2C1 and K2C2) expanded in 2i+LIF.
(D) K2C2 cells were treated with tat-Cre for excision of the transgene. After 5 days, cells were flow-sorted for loss of DsRed and deposited as single cells into a
96-well plate. Three DsRed negative clones, K2C2-5, K2C2-8, and K2C2-14, were analyzed by qRT-PCR. K2C3 is an untreated Epi-iPS cell clone.
(E) Klf2 Epi-iPS cells were injected into blastocysts. From single litters, a coat color chimera was obtained from two of the three clones.T-brachyury. We then replated cells in 2i/LIF to induce reprog-
ramming (Guo et al., 2009; Silva et al., 2008). Under these
conditions, wild-type EpiSCs precipitately lose Oct4 and either
differentiate or die. From multiple experiments with nontrans-Cefected or empty-vector-transfected EpiSCs, we have rarely
(<106) observed an Oct4-GFP-positive colony emerge after
transfer to 2i/LIF culture. Klf4 transfectants generate Epi-iPS
cell colonies at a frequency of 0.2%–2% (Guo et al., 2009).ll Stem Cell 5, 597–609, December 4, 2009 ª2009 Elsevier Inc. 605
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2 3 104 cells transferred into 2i/LIF. In the same experiment,
ten colonies were obtained from Klf4 transfectants and none
were obtained from Klf5 transfectants. Figure 6B shows a typical
Klf2 Epi-iPS cell colony (K2c2) in 2i/LIF. Cells express both Oct4-
GFP and DsRed. Klf2-induced Epi-iPS cell clones acquire the
ESC-specific transcriptional program, expressing Klf4, Stella,
Nr0b1, and Zfp42 and downregulating lineage factors Fgf5 and
T (Figure 6C). This expression profile was maintained upon exci-
sion of the Klf2 transgene with tat-Cre (Peitz et al., 2002). Rever-
tant cells (DsRed negative) were flow-sorted and deposited into
96-well plates by single-cell deposition. Three clones analyzed
retained the ground-state marker profile (Figure 6D). To test
functional acquisition of ground-state pluripotency, we carried
out blastocyst injections. Two of the clones demonstrated
competence to participate in normal development by producing
coat-color chimeras (Figure 6E).
DISCUSSION
Cooperation between the intrinsic Oct4 network and extrinsically
activated Stat3 has been proposed as a condition to sustain and
amplify pluripotent cells (Nichols et al., 2001; Niwa et al., 1998;
Smith, 2001a), but functional intersection has proven elusive.
This study shows that whereas Klf2 is fully induced by Oct4,
the related Klf4 is additively induced by Oct4 and LIF/Stat3.
Both factors promote ESC self-renewal and can reprogram
EpiSCs to ground-state pluripotency. These findings suggest
that the derivation and propagation of ESCs using LIF is in part
Klf2 Klf4 Klf5
Oct4
Maintained pluripotency
Differentiation restricted (2i)
Klf2 Klf4 Klf5
Oct4
Maintained pluripotency
Differentiation permissive
Stat3
LIF
?
Figure 7. Additive Induction of Klfs by Oct4 and LIF/Stat3 Secures
ESC Propagation in Differentiation-Permissive Conditions
Gain-of-function studies indicate that overlapping regulation and partial func-
tional redundancy of the three Klfs confer adaptability and robustness to the
pluripotency network. Oct4 directly stimulates expression of Klf2 and to
a lesser extent Klf4. When commitment is suppressed by dual inhibition (2i)
of the MEK/ERK cascade and GSK3, this level of Klf expression is sufficient.
In differentiation-permissive conditions, LIF/Stat3 stimulation provides addi-
tional induction of Klf4, which reinforces the core pluripotency network to
resist commitment. Klf5 also contributes to ESC maintenance. It is induced
by LIF via Stat3 plus a second pathway, most likely involving PI3 kinase.
Klf5 may also be a target of Oct4. To date, a loss-of-function phenotype in
ESCs has been reported only for Klf5. Our model predicts that definitive knock-
outs of Klf2 and Klf4 will each compromise ESC self-renewal, depending on
culture conditions, and that double knockout ESCs may not be sustainable.606 Cell Stem Cell 5, 597–609, December 4, 2009 ª2009 Elsevier Inmediated by facultative induction of increased Klf activity. The
combination of Klf2 and Klf4 reinforce the core pluripotency
network and suppress commitment (Figure 7).
ESCs express three Kru¨ppel-like factors 2, 4, and 5, all of
which are downregulated during differentiation (Bruce et al.,
2007). Klf2 and Klf4 are alike, showing 46% amino acid identity
in total and 90% conservation in the zinc finger DNA binding
domains (Figure S2). Klf5 is more divergent, sharing only 29%
similarity with Klf2 and 24% with Klf4. Consistent with this,
a recent ChIP study reported greater overlap between binding
sites for Klf2 and Klf4 than with Klf5 (Jiang et al., 2008). Klf4
and Klf2 also share the capacity to cooperate with Oct4, which
has not been reported for Klf5 (Nakatake et al., 2006). All three
factors are expressed in the blastocyst (Kurimoto et al., 2006).
Knockout studies indicate that Klf5 is essential for early develop-
ment, but embryos lacking Klf2 or Klf4 are viable (Ema et al.,
2008; Kuo et al., 1997; Segre et al., 1999). This may be attribut-
able to functional redundancy between Klf2 and Klf4. In ESCs,
RNAi knockdown suggested that none of the Kru¨ppel factors
may be individually essential (Jiang et al., 2008), but ESCs genet-
ically null for Klf5 do exhibit increased expression of differentia-
tion markers (Ema et al., 2008). It will be instructive in future
studies to generate and define the properties of ESCs null for
Klf2 or Klf4 or both.
The Klfs have differing capacities to sustain LIF/Stat3 indepen-
dent self-renewal. Klf5 has very limited ability to support ESC
propagation without some level of Stat3 activation or use of 2i.
Klf4 transfectants can be obtained and propagated without
LIF. Klf4 is directly downstream of Stat3 and therefore likely to
be a key mediator of the positive effects of LIF stimulation on
ESC self-renewal (Niwa et al., 2009). However, colony formation
is greatly reduced in Klf4 transfectants in the absence of LIF
(Figure 3A), demonstrating that LIF makes additional contribu-
tions to ESC propagation. Moreover, Stat3 null ESCs could not
be sustained by Klf4, indicating that it is not minimally sufficient
to replace LIF/Stat3. Overexpression of Klf2 has a stronger effect
than Klf4 on ESC colony formation and can sustain Stat3 null
ESCs. A factor that may contribute to this difference is that
ESCs tolerate higher expression of Klf2 (Figure S4) because
Klf4 is cytostatic or toxic when overexpressed (Niwa et al., 2009).
Self-renewal induced by elevated Klf2 is evidently not medi-
ated through Nanog. Moreover, Klf2 cannot replace Nanog to
fully consolidate the pluripotent state. Nonetheless, Klf2-trans-
fected ESCs are completely resistant to BMP-induced differen-
tiation. Indeed, addition of BMP promotes expansion of Klf2-
transfected ESCs. BMP can have a similar effect on wild-type
ESCs, but only in the presence of LIF (Ying et al., 2003a) or
constitutive expression of Nanog (Ying et al., 2003a). Klf4 trans-
fectants do not respond positively to BMP, further demon-
strating that Klf2 and Klf4 have nonidentical functional capability.
Finally, although Klf4-transfected ESCs propagated in the
absence of LIF can contribute to fetal chimerism (Niwa et al.,
2009), no term chimeras were reported. In contrast, Klf2 trans-
fectants clonally expanded in the absence of LIF reproducibly
generated liveborn chimeras.
In the primed state of EpiSCs (Nichols and Smith, 2009), both
Klf2 and Klf4 are absent because of loss of Oct4 binding and lack
of LIF responsiveness. Expression of either Klf is sufficient to
enable transcriptional and epigenetic resetting upon transfer toc.
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Oct4 induction of Klf2 Supports ESC Self-Renewal2i/LIF. This results in reinstatement of naive pluripotency in a
fraction of cells (Guo et al., 2009). Significantly Klf5 has little or
no capacity to support reprogramming. This mirrors results in
fibroblasts in which it has been shown that Klf2 can substitute
very effectively for Klf4 (Nakagawa et al., 2008). Clarifying the
ability of Klf2 to sustain ESC self-renewal substantiates the
hypothesis that factors that promote ESC pluripotency may be
primary effectors of reprogramming (Silva et al., 2006; Takahashi
and Yamanaka, 2006). Future characterization of the partners of
Klfs and their direct targets should provide insight into the mech-
anisms of both ESC self-renewal and molecular reprogramming.
Intrinsic Oct4-directed expression of Klfs, principally Klf2, is
adequate for the transient period of pluripotency in the embryo.
The intrinsic program is also sufficient for ESCs cultured in differ-
entiation-restricted 2i culture conditions (Ying et al., 2008).
However, in differentiation-permissive conditions, this becomes
limiting. Augmented Klf expression is likely to be a critical
component of the ability of LIF/Stat3 to reinforce the core tran-
scriptional circuitry and sustain self-renewal (Figure 7).
EXPERIMENTAL PROCEDURES
Cell Culture
ESCs were routinely maintained in GMEM (Sigma, G5154) supplemented with
10% FCS (Invitrogen) and 100 units/ml of LIF (made in-house) on gelatinized
tissue culture flasks (Smith, 1991). For serum-free culture, we used N2B27
(StemCellSciences) with LIF (100 units/ml) and BMP4 (R&D, 10 ng/ml), or 2i
inhibitors (Ying et al., 2008). Stat3 null ESCs were derived as described previ-
ously (Ying et al., 2008). Y118F clones were created by electroporation of
E14Tg2a ESCs with the GCSFRgp130Y118F expression construct (Burdon
et al., 1999). EpiSCs from Oct4GiP mouse embryos were propagated in
N2B27 on fibronectin (Chemicon) with Fgf2 (12ng/ml, R&D) and activin
(made in-house) as described previously (Guo et al., 2009).
Colony Analysis
Bright-field images were collected with an Aviso CellCelector and analyzed on
the basis of particle analysis with an in-house macro in ImageJ. For X-gal stain-
ing, a colony with greater than 90% staining was called ‘‘blue,’’ 90%–20%
was called ‘‘mixed,’’ and less than 20% was called ‘‘white’’ corresponding to
manual scores of ‘‘undifferentiated,’’ ‘‘mixed,’’ and ‘‘differentiated.’’ Similar
parameters were used for alkaline phosphatase stained colonies.
Klf2 Overexpression, Reversion, and Chimera Production
E14Tg2a ESCs were electroporated with linearized pPyCAGloxpKlf2iresPuro-
loxpeGFP. Cells were selected in 1 mg/ml puromycin (Sigma) in N2B27 with
10 ng/ml BMP4 for 9 days then pooled. They were expanded in BMP4 for
nine passages, passaging 1:10 every 3–4 days. We then lipofected cells (Lip-
ofectamine 2000 regent, Invitrogen) with a Cre-recombinase plasmid to excise
Klf2 and activate GFP. After 24 hr, GFP+ cells were sorted with a DakoCytoma-
tion MoFlo sorter. Single cells were deposited into gelatinized 96-well
tissue culture plates (Iwaki), containing LIF and BMP4. GFP+ colonies were
expanded and subsequently microinjected into C57/BL6 blastocysts. Mouse
studies were authorized by a UK Home Office Project Licence and carried
out in a Home Office designated facility.
Transcriptional Analysis
RNA was extracted with the QIAGEN RNeasy Mini Kit (74134). Lysate was
passed through Qiashredder columns with on-column DNase treatment. A
total of 1 mg of RNA was used for synthesizing cDNA with the Superscript III
Super-kit (Invitrogen). For Affymetrix expression analysis, RNA was labeled
and hybridized as per the standard 5 mg Genechip protocol. Arrays were
scanned and samples were quantile-normalized by RMA (Irizarry et al.,
2003) with Genespring GX v7.3. Genespring GX was used for fold-change
analysis and general inspection of the data. For statistical analyses, the
eBayes implementation of Bioconductor was employed for pair-wise compar-Ceisons to Z0. A Benjamini Hochberg false discovery rate (FDR) of 0.01 was
applied. Relative qRT-PCR was initially performed with the BioRad iCycler in
conjunction with Sybr green reagent. Assays were later upgraded to the
TaqMan platform (Applied Biosystems) in a 7790HT Fast Real-Time PCR
system. Probes: Oct4, Mm00658129_gH; Egr1, Mm00656724_m1; Socs3,
Mm00545913_s1; Klf2, Mm01244979_g1; Klf4, Mm00516104_m1; Klf5
Mm00456521_m1. Quantitative ChIP was performed with the Sybr green
detection reagent (Applied Biosystems) on the 7790HT PCR system.
Percentage pull-down for each condition was calculated from a standard
curve derived from the relevant input sample.
Epi-iPS Cell Induction and Propagation
Epi-iPS cell induction was performed as described (Guo et al., 2009). In brief,
EpiSCs were cotransfected with 1 mg of PiggyBac expression vector plus 3 mg
pPBase. Stable transfectants were isolated by hygromycin selection in EpiSC
culture conditions. For reprogramming, pooled transfectants were replated at
2 3 104 per well of six-well tissue culture plates. After 24 hr, medium was
replaced with 2i/LIF and subsequently refreshed every other day. The number
of Oct4GFP-positive clones was scored by fluorescence microscopy. Fluores-
cent clones were picked after 14 days in 2i/LIF and subsequently expanded by
accutase dissociation and replating every three or four days.
Oct4-Enrichment-Integrated Analysis
Microarray data from this study was compared with analyses of neural stem
cells (unpublished) and trophoblast stem cells (www.stembase.ca; Experiment
ID:E11). Low-intensity transcripts were filtered and MGI symbol was used for
mapping genes from U74 to moe430v2 arrays. Fold difference was used for
measuring transcript enrichment between ESCs and (NSCs and TSCs) and
genes 2-fold higher in ESCs were considered.
Chromatin Immunoprecipitation
Chromatin immunoprecipitation was performed with the Upstate ChIP Assay
kit (Cat# 16-157), with the following modifications: protein was crosslinked
to DNA by incubating 3 3 106 cells in 1% formaldehyde (room temperature;
10 min); nuclei were prepared by resuspending pelleted cells in swelling buffer
(5 mM HEPES [pH 8.25], 85 mM KCl, and 0.5% NP-40); cells were incubated
on ice prior to dounce homogenization; nuclei were pelleted and resuspended
in lysis buffer (10 mM Tris [pH 8.0], 1 mM EDTA, 0.5 mM EGTA, and 1% SDS);
chromatin was sonicated with a Diagenode Bioruptor. The sonicate was
diluted in ChIP dilution buffer (50 mM Tris-HCl [pH 8.0], 167 mM NaCl, 1.1%
Triton X-100, and 0.11% Na Deoxycholate) and cleared with protein-G sephar-
ose beads (Amersham). Cleared sonicate was then reacted with 4 ml mouse
monoclonal antibody (Oct4 C-10 sc-5279 or HA sc-57593; Santa Cruz
Biotechnology). Protein-A sepharose beads (Amersham) were used to pull
down immune complexes. Beads were washed with low-salt and high-salt
immune complex wash buffer, LiCl wash buffer, and TE (Upstate). Chromatin
was collected in elution buffer (1% SDS and 0.1 M NaHCO3). Crosslinking was
reversed by overnight incubation at 65C with NaCl. After treatment with
RNaseA (30 min, 37C) and proteinase K (2 hr, 55C) the DNA was extracted
with phenol:chloroform, purified with a QIAGEN DNA column (Cat# 28104)
and analyzed by qPCR with SYBR Green PCR Master Mix (Applied Biosys-
tems) and the described ChIP primers.
Luciferase Assays
Construction of Reporter Plasmids
Oct4-enriched binding regions upstream of Klf2 used in ChIP qPCR were
amplified by PCR from genomic DNA with the following primers and Phusion
High Fidelity Polymerase (Finnzymes, Espoo, Finland): Oct(1): 50-ATACCCG
GGAAGAGCCTCCAGGTGGGAAG-30 and 50-TAAGATATCCTGGAGACCTG
GGCTCATTG-30 and Oct(3): 50-ATACCCGGGACTTCAGCTCACTCCCCCT
ACT-30 and 50-TAAGATATCATAGATCAGTAGCTCAGAGCCAGA-30. Oct4(1)
was mutagenized with PCR-based site-directed mutagenesis (Fisher and
Pei, 1997) converting the ATGCAAAT to ATGTTCAT. Amplicons were verified
by sequencing and were introduced to the pGL3-promoter vector (Promega).
Luciferase Reporter Assay
For the luciferase reporter assay in ESCs, 0.5 mg of supercoiled DNA of
reporter plasmid was cotransfected into 1 3 105 cells with 0.05 mg of Renilla
plasmid with lipofectamine 2000. Forty-eight hours after transfection,ll Stem Cell 5, 597–609, December 4, 2009 ª2009 Elsevier Inc. 607
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(Promega, Madison, WI). For HeLa cell transfections 5 3 104 cells were co-
transfected with 0.5 mg of reporter construct, 0.05 mg of renilla, and 1 mg of
CAGOct4 with or without 1 mg of CAGSox2. Dual readings were taken 48 hr
after transfection.
Replicates
Unless otherwise stated, all results are the average of three biological repli-
cates for serum experiments and two biological replicates for serum-free
experiments. Error bars show standard deviations. Transfection experiments
were repeated on a minimum of two independent occasions. Unless otherwise
stated, qRT-PCR results display the average of a minimum of two, but usually
three, independent biological replicates. ChIP data were generated from four
independent pulldowns.
ACCESSION NUMBERS
Microarray data are available from the EuroStemCell database StemDB (www.
stemdb.org) under accession StemDB-246.
SUPPLEMENTAL DATA
Supplemental Data include six figures and one table and can be found with
this article online at http://www.cell.com/cell-stem-cell/supplemental/S1934-
5909(09)00576-1.
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